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A pseudo-1-3-type multiferroic composite consisting of PbZr,TiO3 PZT rod array with base
and Terfenol-D/epoxy matrix was prepared by the dice-and-fill technique. Simple series and parallel
mixture rules well described the measured dielectric and piezoelectric constants. Large
magnetoelectric coefficients were observed in the pseudo-1-3-type composite, e.g., over
300 mV/cm Oe below 40 kHz and over 4500 mV/cm Oe at resonant frequency. The
magnetoelectric response strongly depends on the magnetostrictive behavior of the matrix and the
volume fraction of PZT rods, which gives us two convenient ways to modify their magnetoelectric
response. For this pseudo 1-3-type multiferroic composite, the remarkable magnetoelectric response
and well-developed fabrication technique are advantageous for their practical applications in
piezoelectric-magnetoelectric multifunctional devices and large bandwidth magnetic sensors.
© 2006 American Institute of Physics. DOI: 10.1063/1.2208734
I. INTRODUCTION
Multiferroic materials which are simultaneously ferro-
electric and ferromagnetic have recently attracted much at-
tention due to their interesting physics background and large
potential applications in multifunctional devices, transducer,
actuators, and sensors.1 Multiferroic composites made by
combining ferroelectric and ferromagnetic substances to-
gether have been rapidly developed for their excellent extrin-
sic magnetoelectric ME effect above room temperature.
Magnetoelectric effect is characterized by the appearance of
an electric polarization MEH output on applying a magnetic
field or a magnetic polarization MEE output on applying an
electric field. It is well known that ME effect is a product
property derived from the coupling between piezoelectric ef-
fect in ferroelectric constitute phase and magnetostrictive ef-
fect in ferromagnetic constitute phase.2 That is, when a mag-
netic field is applied to the composites, the ferromagnetic
phase changes its shape magnetostrictively, and the strain is
passed along to the piezoelectric phase, resulting in a change
of electric polarization. Using the concept of phase
connectivity,3 we can describe the structures of a two-phase
composite as the notations such as 0-3, 2-2, 1-3, etc., in
which each number denotes the connectivity of the phase. In
multiferroic composites of piezoelectric and magnetostrictive
phases, there so far have been two typical structures, i.e., 2-2
and 0-3 structures. The first kind of multiferroic composites
are multiferroic ferrite/piezoelectric ceramic composites
such as CoFe2O4/BaTiO3 and ferrite/PZT with 2-2
structure,4 which consists of ferrite layer and piezoelectric
ceramic layer and has to be prepared by cofiring at high
temperature, or with 0-3 structure,5 in which ferrite particles
are dispersed in the piezoelectric ceramic matrix. The sinter-
ing procedure at high temperature makes it difficult to avoid
chemical interdiffussion between two phases in the compos-
ite ceramics. The ME coefficient measured in laminated or
particulate multiferroic ceramic composites is about
100 mV/cm Oe order of magnitude.
Recently, a giant ME effect in the 0-3 and 2-2 compos-
ites containing a giant magnetostrictive rare-earth-iron alloy
and a piezoelectric phase e.g., PZT or ferroelectric polymer
such as PVDF-TrFE has been predicted.6 Subsequently,
the 2-2 composites such as Terfenol-D/PZT and Terfenol-D/
PVDF laminated composites were prepared by gluing the
Terfenol-D disk and ferroelectric layer together, and their
ME coefficients reach several V/cm Oe.7 But Terfenol-D/
PZT or Terfenol-D/PVDF 0-3 composites have still not been
fabricated because Terfenol-D would be oxidized when it is
sintered with PZT or because ferroelectric polymer has to be
polarized under an ultrahigh electric field, which would be
quite difficult due to conductive Terfenol-D particles. To
overcome these problems, a three-phase 0-3 type composite8
has been developed in which Terfenol-D particles notated as
0 are well dispersed in PZT/polymer matrix notated as 3.
Similarly, using a polymer as binder, the pseudo-2-2-type
composites have been fabricated by easily stacking and hot
pressing the Terfenol-D/polymer layer and PZT/polymer
layer together.9
Besides 0-3 and 2-2 structures, the 1-3 structure, i.e., a
fiber or rod reinforced composite, is another important
structure. The well-known 1-3 structured piezoelectric com-
posites have already been used in practical applications such
as underwater acoustic transducer.10 Calculations of the ME
behavior in the 1-3 piezoelectric-piezomagnetic composite
ceramics showed an optimal composition of around 0.5 of
the fibers.2,11 But in practice such a 1-3 ceramic composite is
quite difficult to be prepared because low conductivity of
piezomagnetic phase would make the composite leak during
polarization. To overcome this problem, we choose an insu-
lating magnetostrictive matrix which consists of insulating
polymer epoxy and giant magnetostrictive alloy Terfenol-DaElectronic mail: cwnan@tsinghua.edu.cn
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particles. The polymer makes matrix insulating and bonds
with piezoelectric fibers as a binder. In this work we report a
pseudo-1-3 structure composite with PZT rod array with
base embedded in Terfenol-D/epoxy matrix, which is based
on pure 1-3 multiferroic composites developed most
recently12 but a comprehensive investigation of such multi-
ferroic composites. This pseudo-1-3 type multiferroic com-
posite can be fabricated via almost the same procedure as for
the well-known 1-3 piezoelectric composites.13
II. EXPERIMENT
Terfenol-D powder was selected as the magnetostrictive
phase. Low viscosity epoxy was chosen as binder, which
could harden at room temperature. PZT was used for its ex-
cellent piezoelectric performance.
As for the 1-3 piezoelectric composites, we prepared this
1-3 multiferroic composite via a dice-and-fill process.13 First,
a PZT bulk with dimensions of 10103 mm3 was used
Fig. 1a, which was poled along the thickness direction,
i.e., X3 axis, under 2 kV/mm. A computer-programming dia-
mond cutter EC-400 was used. According to the designed
volume fraction of PZT rods, the parameters of the cutter
were set, and then parallel and perpendicular cuts were made
on the poled PZT plate, as shown in Figs. 1b and 1c. The
aspect ratio of the PZT rod was fixed as 5 i.e., the dimen-
sions of each rod were 0.50.52.5 mm3, and the thick-
ness of the base was fixed as 0.5 mm. Thus we get a PZT rod
array with base as shown in Fig. 1c. Then we put it into a
mold Fig. 1d. Terfenol-D particles and epoxy were well
mixed with about 23 vol % of Terfenol-D, and then the mix-
ture was slowly poured into the mold to fill the gap of the
PZT rod array. When the epoxy hardened, we polished the
sample and finally got the pseudo-1-3-type multiferroic com-
posite see Fig. 1e.
For electrical measurements, the samples were elec-
troded by silver paint at the top and bottom surfaces perpen-
dicular to the X3 axis. A HP4194A impedance analyzer was
used to measure the dielectric properties. The piezoelectric
constant d33 was measured by a standard piezo d33 meter.
Magnetostrictive properties were measured as before.8,9 For
the giant inner impedance of piezoelectric ceramic, a Helm-
holtz coil was driven by the functional signal generator to
apply a small continuous sine disturbing magnetic field Hac
to produce a continuous ME response in the sample.
III. RESULTS AND DISCUSSION
A. Dielectric properties
Figure 2 shows the electric impedance spectrum of the
pseudo-1-3-type composites and the Terfenol-D/epoxy ma-
trix see the inset in Fig. 2a. With increasing frequency,
the electric impedance of the Terfenol-D/epoxy matrix de-
creases logarithmically linearly, and the loss remains less
than 0.06 Fig. 2b, which is similar to the behavior of a
normal capacitor. According to the impedance spectrum, the
matrix is insulating, which illustrates that no percolation oc-
curs in the matrix and the conductive Terfenol-D particles
about 23 vol % of Terfenol-D in the matrix are well dis-
persed in the epoxy. The electric impedance of the pseudo-
1-3-type composites also decreases with increasing fre-
quency, and all the losses are smaller than those for the
Terfenol-D/epoxy matrix see Fig. 2b. Meanwhile, at
about 50 and 100 kHz, there are two electric impedance
peaks for each pseudo-1-3-type composite sample see the
arrows in Fig. 2a, which are attributed to the piezoelectric
resonances. With the increase in the volume fraction fPZT of
the PZT rods in the top 1-3 structure layer see Fig. 1e, the
resonance peaks become sharp because of increasing piezo-
electric effect.
From the electric impedance, the dielectric constant of
the Terfenol-D/epoxy matrix is calculated and is about 16.
FIG. 1. Schematic illustration of preparation procedure of the pseudo-1-3-
type multiferroic composites: a a polarized PZT bulk before cutting, b
the PZT bulk after parallel cutting, c the PZT array obtained after parallel
and perpendicular cutting, d the PZT array in a mold dash line, and e
the pseudo-1-3-type multiferroic sample with the PZT array with base
imbedded in the Terfenol-D/epoxy.
FIG. 2. Electrical impedance a and loss b of the pseudo-1-3-type com-
posites with different fPZT. The inset in a is the electrical impedance of the
Terfenol-D/epoxy matrix fPZT=0.
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Figure 3 illustrates the dielectric constant of the pseudo-1-3-
type composites. These pseudo-1-3-type composites can be
considered to be made up of the base part and the 1-3 com-










where , PZT, and 1-3 are the dielectric constants of the
pseudo-1-3-type composite, base part, and 1-3 composite
part above the base, respectively. For the PZT base, PZT
=1100 at 1 kHz. The thicknesses of the base and total
sample are fixed as 0.5 and 3 mm, respectively, and therefore
fbase is equal to 1/6 for each sample. 1−3 can be calculated
further by using the parallel-mixture rule, i.e.,14
1-3 = fPZTPZT + 1 − fPZTmatrix, 2
where matrix=16 is the dielectric constant of the Terfenol-D/
epoxy matrix. Using Eqs. 1 and 2, the effective dielectric
constant in the pseudo-1-3-type composites can be calcu-
lated, as shown by the solid line in Fig. 3. The comparison in
Fig. 3 shows that there is a quite good agreement between
the experimental and calculated results.
B. Piezoelectric properties
The experimental values of the piezoelectric constant d33
for the pseudo-1-3-type composites with different volume
fractions of the PZT rods are shown in Fig. 4. During the d33
test, when the test point is located on the PZT rods, the
measured d33 value is nearly as high as the PZT bulk value,
which is about 370 pC/N in our experiment. Thus we ran-
domly make 20 tests on the surface of each sample and use
the average value as the final d33 result. Figure 4 shows that
the d33 values of the pseudo-1-3-type composites increase
with the increasing volume fraction of the PZT rods. Com-
pared with the particulate piezoelectric composites, the
pseudo-1-3-type composites exhibit much higher piezoelec-
tric constants.
Similar to the calculations of the dielectric constant dis-
cussed above, the piezoelectric constant of the pseudo-1-3-
type composites can also be calculated by two steps. Firstly,




PZT1-3 + 1 − fbased33
1-3PZT




1-3 are the effective piezoelectric con-
stants of the pseudo-1-3-type composite, base part, and 1-3
composite part, respectively. Secondly, we calculate d33
1-3 by











PZT are the elastic compliance of Terfenol-D/
epoxy matrix and PZT rods, respectively, and s33
TE=7.44
10−11 m2/N and s33
PZT=1.8710−11 m2/N are assumed.
The theoretical and experimental results are plotted in Fig. 4,
and the comparison also shows an agreement between them.
However, when fPZT0.1, the experimental values are
somewhat larger than the theoretical values. This might be
because the tip of the d33 meter is not a sharp point and its
diameter is about 0.7 mm which is a little larger than the
cross section size of one PZT rod. When fPZT is above 0.1,
with increasing fPZT, the gap between the PZT rods decreases
from 1 to 0.5 mm, and hence the test tip has an increasing
possibility to be located at the PZT rods, which results in a
larger experimental value of d33. On the other hand, the cal-
culated values from Eqs. 3 and 4 and are sensitive to the
material parameters e.g., elastic compliance coefficient s33
taken for the calculations. These induce the discrepancy
shown in Fig. 4.
C. Magnetoelectric properties
Figure 5 shows the ME coefficient dE /dH at 100 Hz in
the pseudo-1-3-type composite with fPZT=0.0744. dE3 /dH3
and dE3 /dH1 are, respectively, the longitudinal and the trans-
verse ME coefficients with different applied magnetic-field
directions, as defined before.9 Both dE3 /dH3 and dE3 /dH1
increase with increasing magnetic field Hbias in the low field
range. After reaching the maximum, the ME coefficients de-
crease with increasing Hbias in the high field range see Fig.
5a. The maximum longitudinal and transverse ME coeffi-
cients at 100 Hz are, respectively, 302 and 171 mV/cm Oe,
achieved at the optimal magnetic fields of 1.5 and 2 kOe,
respectively. The longitudinal ME coefficient is almost
double of the transverse one. Here we give a simple model to
approach the results. In the 1-3-type structure, the induced
electric field output is derived mainly from the transverse
strains s1 and s2, i.e., E3e31
PZTs1+e32
PZTs2 /, where e31
PZT
FIG. 3. Dielectric constants at 1 kHz of the pseudo-1-3-type composites as
a function of the volume fraction fPZT. The solid line is the theoretical
results by using the mixture rules, Eqs. 1 and 2.
FIG. 4. The volume fraction dependence of the piezoelectric constant for the
pseudo-1-3-type composite. The solid line is the theoretical results by using
the mixture rules Eqs. 3 and 4.
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and e32
PZT are the piezoelectric constants of the PZT rods and
e31
PZT=e32
PZT. For dE3 /dH3, we have s1=s2=−
* /2 and thus
E3−e31
PZT* /, where * is the saturation magnetostriction
of the 1-3-type structure. For dE3 /dH1, we have s1=
* ,s2
=−* /2, and E3e31
PZT* /2. Therefore, dE3 /dH3
−2dE3 /dH1. The comparison of Figs. 5a and 5b illustrates
that the behavior of the magnetic-field dependence of dE /dH
is dominated by the magnetostrictive behavior of Terfenol-
D/epoxy matrix see Fig. 5b. The magnetostrictive strain is
about 250 ppm at 5 kOe which is larger than that of ferrite
ceramics. The differential magnetostriction is also shown in
Fig. 5b, which gives an approximate relationship, i.e.,
dE /dHd* /dH, as predicted before.6
The dependence of the ME coefficients on the volume
fraction of PZT rods is presented in Fig. 6. From the approxi-
mate relationships discussed above, the longitudinal and
transverse ME coefficients have quite similar tendencies.
Firstly, the ME coefficients increase with increasing fPZT due
to the increasing piezoelectric effect. After reaching a maxi-
mum, the ME coefficients decrease when fPZT0.1. This
decrease is attributed to the decrease in the volume fraction
of the magnetostrictive Terfenol-D/epoxy matrix. The maxi-
mum dE3 /dH3 reaches about 300 mV/cm Oe at 2 kOe
which is comparable with that for the 2-2 laminated multi-
ferroic composites,9 much larger than that for the 0-3 par-
ticulate multiferroic composite,8 and even higher than that
for pure 1-3 multiferroic composites developed most
recently.12 The optimal fPZT range is 0.03–0.1 which is much
smaller than the value predicted in piezoelectric-
piezomagnetic ceramic composites,2,11 which is mainly at-
tributed to a large difference between the compliances of the
PZT rods and Terfenol-D/epoxy matrix.
Figure 7 is a typical frequency dependence of the longi-
tudinal and transverse ME coefficients of the pseudo-1-3-
type multiferroic composite with fPZT=0.0744 at the optimal
Hbias. A giant ME coefficient dE3 /dH3 of 4.5 V/cm Oe at
123 kHz is observed. This giant ME effect at high frequency
is attributed to the piezoelectric resonance, as shown in Fig.
2a, which significantly enhances the magnetic-mechanical-
electric coupling between matrix and rods. The piezoelectric
resonance at about 50 kHz also results in some ME coeffi-
cient peaks as high as 1 V/cm Oe, which is derived from the
nonsymmetrical stress in the pseudo-1-3-type multiferroic
composites. The transverse ME coefficient is lower than the
longitudinal one in our test frequency range, resulting from
the large anisotropy of the rod reinforced composites. In the
low frequency range below 40 kHz, the ME response is quite
flat which is benefitial for high bandwidth magnetic-field
sensors.
IV. CONCLUSIONS
Pseudo-1-3-type multiferroic and multifunctional com-
posites have been prepared by the traditional dice-and-fill
technique widely used in 1-3 piezoelectric composites. The
measured dielectric constants and piezoelectric constants are
in good agreement with calculated values by using the series
and parallel mixture rules. The longitudinal ME coefficient is
much larger than the transverse ME coefficient in the
FIG. 5. The magnetic-field dependence of a the ME coefficient dE /dH at
100 Hz in the pseudo-1-3-type composite with fPZT=0.0744 and b the
magnetostrictive strain  and its differentiation for the Terfenol-D/epoxy
matrix.
FIG. 6. Variation in ME coefficients of the pseudo-1-3-type multiferroic
composites with the volume fraction fPZT of PZT rods. The solid lines are
guide for the eye.
FIG. 7. Frequency dependence of the longitudinal and transverse ME coef-
ficients at their optimal Hbias for the pseudo-1-3-type composite with fPZT
=0.0744.
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pseudo-1-3-type composites. The optimal volume fraction of
PZT rods is in the range of 0.03–0.1, in which the maximum
longitudinal ME sensitivity is as high as over 300 mV/cm Oe
in low frequency range, and a giant ME effect occurs at
resonant frequency. The pseudo-1-3-type multiferroic com-
posites with a large ME response, fabricated via a well-
developed processing technique, promise large potential ap-
plications in piezoelectric-magnetoelectric multifunctional
devices. Optimal experiments on the aspect ratio is expected
to enhance further the ME response.
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